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Abstract

Sewral hundred rmgajoukm of energy lasting for
several semnds are required for magnetic r%sicm exper-
immts. Such high energy CM EMstored as inertial en-
ergy in an alternator whi~ is broqht up to speed
C1OW1Y. lhe alternator is then discharged through a
thyristir cmverter to magnets which praluce and sus-
tain ths plasma. A mjor portiom of the inertial
stored energy, for reversal field pinch experknts in
LOS A.Iam.m, will be dissipated in tiging the magne-
tizing cOil to prrxlucis the plasma. ‘l%e phmna is then
euscaind, during the flat-top periti, by energizing
the magnetizing coil in the reverse directicm. ‘lb hold
the plaam current cmnetant at the r~ired level, the
output voltage of the converter tmst be held at a pre-
.9Cribed level ~ controlling the firing angle of the
thyristors. ‘l%e paper discusses the possibility of
using the eUrE oxwerter for tr3th the magnetizing and
the flat-top pericds. It also analyzes the electrical
requirements that will be - on the alternator ad
the ccurverter.

Introducticm

‘l’he pdoidal.. and toroidal-field circuits of the
proposed Las ManoM rcveraed-field pinch experinwmts in
magnetic fusion will require four typss of pakw aup-
plieu: three for the pdoldal fields und one for the
toroidal field. Of the many design variaticme binq
ccrrskiered now, the paper discusses h nwjnstizing and
the flat-try pwer su~lies of one design concept. A
shplified schematic of the pnloida.1-field circuit is
Sk in Fig. 1,

lb eliminate disturbances to electrical loads in
the Los Akmm a“ea, the pdsepowe r eystan for che
proponcd revcrs@-fieM-pinch experiment will be fed by
a motorqoneroto’. set. ‘ltrc ac paw of the generator
will be convorted to & @ converLera whichwill con-
sist of thyristor-contxol lcd bridges. ‘I%c rmgnctizing
amJ tic flat,-ixp pwar tq@ iea will have nWEular de-
n ign, each IMXNJ1Oconoist ing of four ix idgcQ mnnccted
in parallel. ‘lWw ntxlulea, in turn, will be cwnncctd
in sorie~ or in parallel to provklc the raquired pcwer.
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powor alqq.ly WIIicl~pmmel] current through % q--
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Fig- 1 Sinplifid sctmmtic of ~loidal field circuit.
At the eti of magnetizing periM (’r - O), S1
cloem, S2 opsns, S3 C1OSCSad @ opens. At
the &ginning of flat-t~ pxhd (t E 20 to 40
me) , S4 closes. P9M, PSI’ are magnetizing afd
flat-top pwer su~liefj. M1’A,MM, HI13W Mt3S
are four sections of the rrbagnetizlng winding,

current constant (flat top) , thc out~t vol!wje of
the mnverter must supply tlm i>lasma voltage drop.

Ttw2 oloctrical r~irenumt duri~ the magnetizing
period 1S that tho current throrkgh the resistive-in-
rluc~ivo 10KK! must reach 68 kA in ao dort an interval
aa poooiblo consistent with the -r nupply rating to
minimize cneryy louo alti I.eating. ‘llvxoforc, the r%
outpt vdtacjc of tho monetizing power nupply Ohoulrl
k an h lgh ao ,poss iblo. ltrc Lhyriotor valves arc,
therefore , i’ul l’i witched on ClurhMJ tile nKlgnctizhlg
par id. On tho othor hand, t no current during the
flat-t~ q~ration mat Bupply Uw plm!ma voltage drop,
to hold the plamua current cono~an~. ‘Therof%re, Chc
ou@ut vdhgo of the flat-tq) pwor IJ(Ippl’ymuut bc re-
qultthd by tho coiIkKol of Lho thyrieiw firing anqlc
while the alternator volt,ogw docroauoo with ltfl fl[r(!od
afl it.flIrilwtic energy io tranakorrced into electrical
ewrgy to its loadki.

CcWi@ ?44NN i%i.t~grul ~lak-’ro~ Pcwcr Su@ lrw——.. .,. .—— ——

‘M(! flat-q) pc’.fol uu~ly ilJ Conn(!(!mlto Lhc
poloidnl-l!ield circuit qproximatoly 20-40 mu nl’tor t.lm
ma(yid!ix~1~ powcl’ lW@~ IS disrxwmected, Ttldrdforc,

it ~ in! MhJallhgOOUU tO UWl thO ULWW EWWOI’ I!UII)lY
dUK,flMJk)ttl tiltlnl&JtlOthhCJ 4d th f’ht-tw) ~t’id[l.
A WiIwtw to ~h3ri’ornlboth WC [’uIK.tL(mwiw~tl) tlw niulm~
lMRWI’ flul~)ly iu nl)wll in l’lq, i!.
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Fig. 2 -imd -r supply for
x

tizing d flat-
tq peridai External -itrh .

M of the four aectims of the flat-tcp pcnmr
a~ly is ~ of three mdulea, each mdu12 com-
prising fmr thr~, full~m *istor tridges
conmctad in parallel. During chargirq of We magnet-
izing winding, the three mxlulea are —mected in

parallell they are cmmctad in series during f lat-t~
operation. * external cumaction for the changeover
h perfo- ty tw disconnect switchesl a aingl~le,
single-threw Witch and a double~le, doubleethrrw
Witch for ead of the four amcthas. The intenwdular
cauusctia for seriee/parallel rparation ia @rEormd
by - double~le, druble-ttmx diacmnect m#itches.
The Lhyristors will be blocked &ring the cperation of
these di amnrkect witches so that IU3 pmer will b
interruptti ty these awitAes.

Analysis ot the Pl+etizing R3riod

Wlimq of Gemratg

lnitlally the energy is stored entkaly in the ro-
tat ional imxt la of the gark2rator, kr3 -lad losoee
talrq au@kl through ita prhm rover by the power
dram fran the electric ukil tty syatan. - the load
is IX8UWZM to the generator, both itn speed (aml fH5-
mn~) ad te~ml ~lta9e will ~cre~o. ~ ~
&creWs lmcausopart of the inertial stored erburgy ia
cotmrttxl into electrical energy during the mporimnt ~
the availablo voltage to thci load Mcreaeea pmly
bocaukw of the docraasc in gonorator mpsad and partly
kcausn of the voltqo C@ kernel to th9 Wnaratiur.

If tlm? mqnctizlng period in divided into mall
tk! clt@f3,ta, thbn

4 m -(pn +v.l). tu,

q(tz) “ q(tl) + q, and (1)

cm b tdmdated fra

di - (V<. i). ta/fi; i(ti) - ~(~) +4 (2)

where r,i = load reaiem ad indwtanm ad i(o) -
0. Tk mlculatim 01 the dc bad wltqp v requires
* Iuw1* of the elactt lm.1 dmrtierist i- of the
prator - of the ~rtar. lhia will b dkmaaad
later.

The elactrbl *acterist iaa c3f the *mrator
were &riwd in mrdam with Park ‘e theory [11. The
generator interma.1 mltaga an & ~td mm b
field currant ml qeed are kmwn. The generator ter-
■i.ml mltege ia ztad by mbatracting the various
@darIoB dr~, internal to the generator. Figure 3
alxara the pbaor diagrem of the grmratorvoltages,

Fig. 3 phmor diagram of generator wltagas.

The voltag9 vc in Fig. 3 is the volt- &hind the
“mnlutating= reactanm. The ~tathg reactmoe is

defined aa that reactance per phuaa during the interval
current ia tranaferrim f ra one ract Kier i- to
another. Wring this short interval, the aubtrans Lent
re~~s of the wneL’kor are Ii!i~if i-t. There
foce, +Ae wltage dr~ acroae these reactance @q2 is
Worially M to the generator terminal voltage vt
to fkteradne vc, e.g. ,

vdq2 = id~xd2 + j.iq. xq2

. is. + (xd2. si.W 1) 2+(xq2mCC@i) 2 (3)

- ia. xcg,

where xd2, xq2 arc the nubtram lent direct- and
qwxlraturc-axh react~t3 of the gerwxator, atul kcg 18

the amfutstilq reactm or thegerwrator.

It is knwn that on auddmn nhort circuit or oddon
~licat km ol’ load to a gonorator, tho internal toact-
ancmu of tho gonorabx chango fran low vnluom mt the
bqlinning of th@

G
rkxl to hlgh~r ntoady-otatc valurm

at the end of Wrlrul. To accmmda ta nudl change
in the garmratorLmctances,aquivalant dlr@ct- and
qutiraturo-axlm reactanmn Imkv ammmxl, whlclI ara qiwm
b

f(t2) - f. 4q(t2)Ao#

l/MM - (W)” l(l/ld)+( (uldl)-(1/ld)l*fl
+[ (1/Ad2)-(1/Ac!l] ).t2J , (4a)

wlmropn = no-bad loanm OC ttm ~norator, v, i = dc
load wltayO and cumont dut ing W, q(tll I q(t2) = ml-
orut.or Jmrthl energy at tl ml t. ~ f (U!) - Uonmmkor

1f~uoncy at t2, end !!., ~ - nltlal froquomy and

lhqtl - (1/M)~ [ (Uiq)+( (1/Aql)-(1/llJ] ]. t]
+( (1/lq2)-(1/lql) ]* t4] ,



hll, ql -- direct- - qlndcaturs-axia tralmfalt
!~,
M2,Aq2 = dirazt- - quadratur=ia aubtramient

=’direct- arxl ~atur=is trmiant time
Cmetmlta, &ti
td2,tq2 - direct- ti quadrature-axis mbtrmaient t-
-ate.

Wxielhua of 1.4xl and (3xnmter

* w is the magnetizing Widultidch-lamspati
ofareeiatamearxlm~~ .
Electrically, a cmntinuoualy decreasing & Wltage
(cmvarter output) *ges an RL-circuiL aqxmantially
to a ~ifiad currmt level.

A M-pulse amverter -ists cf a tank of threa-
whiing wy12AI@delta transfomr ad * threewhase
full”waw! thyrislxw &idges, ad COmaCwdtomeof
the bm aecodaries of the transfmr. * arnlysis
will he the smm if the three-winding transformer is
rsplti N W wya/wyB d wye/delta trarmfmrs.

Ilbe thyrismrs in the converter crxxhm fully,
i.e., the firing angle is zero cbrirq the magnetizing
perid. ‘lhe mdsling of converter closely follows *
theory of omveraicm [21,witha mdifimtim. ~
a l~ae mnwrter was asamsd, the ac line current
ia is given by [21, [31

(5)

wke i - * load cwrent,
6 - arm (l-vie)

is - 0.1949. vc/(f*Ac) ,
AC = ccsmutat.ing hductsnm of the ac sysbmn,
01- arctan ((26 -Idn%)/(1-COSM)), ~

n - cmvartarel?~kkmq.

A aefxmd mdifiwtkm, kNSS of * 12W~9@
converdcm is that the cmmtatlng rmctancc of the
g~rator soen fran the converter ia half of the
generator actual ~lxting reactance [41 , Le.

xc - (xcg/2] + Xt, (6)

who xc io th total mmuttitlng remtmca of tho sys-
tan,and xt h the transformer ooimkating raactame.

* mltagn behind the ocmmtatlng reactanm \ c
and the dc loac-vmltago v aro detormhwxl itorat ivolv at
each thm step ta, starting frau
●t no lod for t = O, an follcws:

v~ . “g/*/3~ yo ❑ 3/2. /g/n* lul,

khoir initial vaiuon

(7)

where vg b tbe ~rator Iim-to-lim ~ vol~ at
no lad, ad m is the vol~ trattsfomation ratio of
cmverter trarmforaar for the magnetizing ~ricxl.

* various -1- @mor~ and their oarreapmd-
~ -lss-of rig. 3 aa !JS ~tiuctad, by.tri~t-

hitid ‘V~CWWOf VC m v (~. 7)-ti i(t-oi = o, eic
(t-O) = O, remedm~ that the gemerahx interrual vol-
t- vi b red- at * tim sfmp in proprtion to
iti fraquenqy, i.e.,

vi m (f/fo) ● (v@BrF/3) (0)

Analyak of the Flat 4bp Pericd

(Xws the magnetizing coils are *gad to the re-
quired current, the qemrator with the converter ia
discomwted frca the had, ard the vacuun circuit
breakera (Y3 (Fig. 1) are opened to initiate the plamua.
- the plama ia formal, euwgy -t & su@isd to
* mtizing coil to ~te for the losses in
the plama rasistmce, to keep tk plasma current oon-
s*t. * cormrter *t volt- xust aqud the
plamua Wlt&ge drop to keep the plmms current
Caastant . * firim angle of the thyriators in the
cmmrter met be varied to ~lish this.

* generator mdel is the a a9 for the magnet-
izing period. However, che *1s for ‘the load end the
converter are different frcm those for the magnetizing
perim%

?40dsMng of Load ml Converter—.

me ei@ifiad whemstlc of the load is shown in
Fig. 4. Ihe following are ~ifkd: 1. the 1- WI
ttqe u, ti 2. the PIW current ip, e.g.,

(9)

where ipo - initial pl.m current, and w = nwrbsr of
turns of the monetizing coil. The convorter output
current i is fowl @ analyzingFig. 4,

i = (ipo/m@* [cxp(-82”t) -expi-al*t) ]+(v/mc2~rl)*

[1-ew(-q”t) l+(V/~2QW) [1-ew(-a2” U 1I (lo)

Sovurol “fictitoua” term arc then defhcl in
order to determino tho required fithg anglo of the
thyriatore in the mvwrters [21.

VOM 2.3391*vc

i~ - vo/(12*f?*lcf] I c - i/is (11)

b M v/vO) bl = b + 0.5*c~ b2 = b - 0.5. c



Fig. 4 simplified achfmmtic of lod during flat-tin

M@lrlo#’ ~
perid. = plasma resiatanm ad

where vc = voltage behind the ccmmubting inductance,
ard Icf = camutating inductance in the flat-top
period. Ran q. (11), the firing ar@e a, ad ‘the
over_ap angle u can be determined,

a = arcccm (bl); u = arccos (b2) - a (12)

The -tat ion of the mltege behind ths
ccmmtat. irq reactance vc, and the converter out@
(active ad reactive pwxa) is similar to that for the

-t~zti period.
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(b)

rig. 5 profiles of Vari*l@a durhg flat-tcp pericd.
(a) 1. ccmuotr. oroutput current, 2. cenverte~’
power, 3, mvmrter roactivc p3wor.
(b) 1. mwortor firing angle, 2. ovwrlap
angla .

Figure 5 ti tk profiles of #am of the
variables during the flat-top periti.

Discussion

Germsra31y, the enlm.tating reactance of a
eynchrcmous machine is ammd to be either the
arithmetic or the gemwtrk -n of xd2 d xq2( fiia
is not awrect. *2 ef f- of ~ture re~i~ Ofl
the generator field f] ux are tuofolds~ 1. the direct-
axiB rnaponent of mture curtent deauqnetizes the
field flux, and 2. * Cludrakure-axis ~nt
croas~t izea the f ieid flux. ‘rhe resultant ef feet
of armature reaction is a wltaqe drop internal to the
M&2MJw. Aa the demagnetizing m the orons-
maanetizin9 effe of armature current are at

qGdrature- to each other, the W amponenta of
internal mltage drop mat also te at quadrature to
each other. Therefore. xcg of ~. (3) should be the
correct form of the synchrmoue-ine cmm.t.at~
reactance.

Cmce the load characteristics are known, the
puled paler ay9tm can be optimizd with the help of
the prqmsed analysis. For instance, the react ive
pwet requirmt can be minlmiz~ by proper choice of
Series/parallel cxmtdnation of the converter mdules
ard the voltage ratio of the converter transformers.
Whether the plamoa current is held omatant durirq the
flat-top Pried for a specific choice of the pc4ver
supplies can also ke easily ascertained.

Concludons

1. A new concept for the aynchronoueaachine
ccnmmtati.ng reactance is presented.

2. A sinple ad fast hut accurate method of analysis
is developed to design a pUiSed power system containing
a rotating mchlrn.

3, The 1.w2 of the same pwer supply for toth the
magnetizing ad the flat-t~ periods is economically
attract ive, arrl technically fess ible, particularly
twause the chaqeover switches du not have to
interrupt pmr.

The author gratefully acknowledges the valuable
trdvica and encouragement frmn Dr. R. F. Gribble during
thi8 StI.@.
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